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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a circuit topology for attenuator and switch 
circuits having low loss at radio frequencies. 

2. Description of the Related Art 

Known attenuator circuits are designed using "T" or "Pi" resistive network 
topologies or configurations. The "T" resistive network configuration includes two variable series 
elements and a variable shunt element connected between the series elements. The "Pi" resistive 
network configuration includes two variable shunt elements and a variable series element 
connected between the two shunt elements. In both types of network configurations, a first 
control signal is connected to the shunt element(s) and a second control signal is connected to the 
series element(s). While the shunt element(s) control the majority of attenuation in "T" type 
attenuators, the series element(s) control the impedance of the circuit. 

For example, Fig. 1 shows a prior art attenuator 100 having a "T" resistive 
network configuration with variable series resistors Rl' and R3' and a variable shunt resistor R2\ 
In this device, the minimum attenuation state is achieved when the variable series resistors Rl' 
and R3' are at a minimum resistance value and the variable shunt resistor R2' is at a maximum 
resistance value. Attenuation is initiated by decreasing the variable shunt resistor R2' via a 
control signal CTRL2' and increasing the variable series resistors Rl' and R3' via a control signal 
CTRL1'. Variable series resistances Rl' and R3' ensure that the attenuator matches the 
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impedance of the circuits connected to the input and the output while variable shunt resistance R2' 
ensures proper attenuation. 

In digital attenuators, only the full ON and full OFF states of the variable elements 
are used. In these digital circuits, the variable shunt and series elements typically comprise FETs. 
The width of the gate for the series FETs is chosen to be wide enough to achieve a low insertion 
loss at the minimum attenuation level. However, this increased width causes an increase in the 
parasitic capacitance of the device, which causes an impedance mismatch at relatively high 
frequencies such as radio frequencies. 
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SUMMARY OF THE INVENTION 

An object of the present invention is to provide a circuit for attenuation of radio 
frequency signals that does not introduce parasitic capacitance that limits the dynamic range 
and that has a low insertion loss. 
5 According to an embodiment of the present invention, an attenuator includes 

only variable shunt elements. That is, the attenuator according to the present invention does 
not include variable series elements. Instead, series transmission lines are connected with the 
^ variable shunt elements. The impedances of the variable shunt elements and series 

□ transmission lines are designed so that the impedance of the attenuator at the input and output 
"40 terminals is maintained at a nominal level for all levels of attenuation. According to the 
.j present invention, the transmission line is an inductive transmission line that is coupled with 

□ the capacitance of the variable shunt elements to produce the desired impedance. 

■j According to a further embodiment of the present invention, each of the variable 

series elements of a known attenuator topology such as the "Pi" or "T" resistive network 
15 topologies is replaced by a variable shunt element and a series transmission line. As in the 
embodiment described above, the impedances of the variable shunt elements and series 
transmission lines are designed so that the nominal impedance of the attenuator is maintained 
for all attenuation levels. 

The variable shunt elements may comprise Field Effect Transistors (FETs), 
20 PIN-diodes, and/or Bipolar Junction Transistors (BJTs). FETs operable at radio frequencies 
include metal semiconductor FETs (MESFETs), high electron mobility transistors (HEMTs), 
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and pseudo-morphic HEMTs (pHEMTs). BJTs operable at radio frequencies include 
Heterojunction Bipolar Transistors. 

The inventive attenuator circuit may be used in digital attenuation circuits, 
variable attenuator circuits and switches. 

Other objects and features of the present invention will become apparent from 
the following detailed description considered in conjunction with the accompanying drawings. 
It is to be understood, however, that the drawings are designed solely for purposes of 
illustration and not as a definition of the limits of the invention, for which reference should be 
made to the appended claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings, wherein like reference characters denote similar elements 
throughout the several views: 

Fig. 1 is a schematic diagram of a prior art attenuator circuit; 

Fig. 2 is a schematic diagram of an attenuator circuit according to an 
embodiment of the present invention; 

Fig. 3 is a practical implementation of the circuit of Fig. 2; 

Figs. 4A and 4B are schematic diagrams of attenuator circuits having more and 
less attenuation than the attenuation circuit of Fig. 3; 



Fig. 6 is a schematic diagram of a non-reflective switch circuit according to an 
embodiment of the present invention; and 



3 Figs. 7 A and 7B are schematic diagrams of non-reflective switch circuits 

15 respectively showing a single pole single throw switch and a single pole triple throw switch. 




embodiment of the present invention; 



Fig. 5 is a schematic diagram of a three-bit digital attenuator according to an 
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DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED EMBODIMENTS 

A low-loss attenuator circuit 200 according to the present invention is shown in 
Fig. 2. The circuit 200 includes first and second transmission lines TL1, TL2 connected in 
series between an input terminal IN and an output terminal OUT. The circuit 200 further 
includes three variable shunt elements Rl, R2, R3 connected to ground. The first variable 
shunt element Rl is connected between the input terminal IN and the first transmission line 
TL1, the second variable shunt element R2 is connected between the first and second 
transmission lines TL1, TL2, and the third variable shunt element R3 is connected between the 
second transmission line TL2 and the output terminal OUT. The impedance of each of the 
three shunt elements Rl, R2, R3 is controlled by a single control signal CTRL1. 

To attain minimum attenuation, each of the three shunt elements Rl, R2, R3 is 
at a high resistance. Attenuation of an input signal is achieved by adjusting the control signal 
CTRL1 to lower the resistance of the second variable element R2 and thereby shunt the input 
signal to ground. The resistance of the first and third variable shunt elements Rl, R3 is 
simultaneously lowered by the adjustment of the control voltage CTRL1. However, the 
impedances of the transmission lines TL1 and TL2 with the first and third variable shunt 
elements Rl, R3 are designed so that the impedances of the circuit 200 at the input terminal IN 
and the output terminal OUT are maintained within an operable range for all attenuation levels 
of the circuit 200. Thus, the impedance of circuit 200 at the input terminal IN is always within 
the operable range for the circuit connected to the input terminal IN and the impedance of 
circuit 200 at the output terminal OUT is within the operable range for the circuit connected to 
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the output terminal OUT. The operable range may, for example, be the range corresponding 
to the acceptable return loss for a particular application. The return loss is a measure of the 
dissimilarity between two impedances and is expressed by the following formula: 
Return Loss = -201og |(ZL-Z0)/(ZL+Z0)| , 

where, 

ZL is the actual impedance of the circuit; 

ZO is the nominal impedance level of the circuit. 
The return loss is a ratio of the incident power to the reflected power. Since the goal of 
impedance matching is to limit the reflected power, a higher return loss indicates a better 
impedance match. For typical applications, a return loss of lOdB or greater is acceptable. 

The three variable elements in circuit 200 correspond to the three variable 
elements in the prior art circuit 100 of Fig. 1. However, circuit 200 includes first variable 
shunt element Rl and first series transmission line TL1 instead of the series variable elements 
RV and includes third variable shunt element R3 and second series transmission element TL2 
instead of the variable series element R3\ Accordingly, all of the variable elements of circuit 
200 are shunt elements. 

Fig. 3 is a schematic diagram of a circuit 300 which is a practical 
implementation of the circuit of Fig. 2. Circuit 300 includes variable shunt elements 301, 302, 
303 respectively comprising transistors Tl, T2, T3 connected in series with resistors Rll, 
R12, R13. A gate of each transistor Tl, T2, T3 is respectively connected to the control 
voltage CTRL1 via gate resistors Rgll, Rgl2, Rgl3. The transistors Tl, T2, T3 by way of 
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example are depicted as Field Effect Transistors (FETs). Types of FETs which may be used at 
radio frequencies include metal semiconductor field effect transistors (MESFETs), high 
electron mobility transistors (HEMTs), and pseudo morphic HEMTs (pHEMTs). As an 
alternative, the transistors Tl, T2, T3 may comprise bipolar junction transistors such as 
5 heterojunction bipolar transistors (HBTs) or PIN-diodes instead of FETs. The transmission 
lines TL1, TL2 comprise inductive reactances and may, for example, comprise deposited thin 
film metal lines. Each transmission line may comprise either a single thin film metal line or a 
^ plurality of thin film metal lines to achieve the desired impedance. 

C3 Like the variable shunt elements Rl, R2, R3 in the circuit 200 of Fig. 2, each 

MjO transistor Tl, T2, T3 in Fig. 3 is controlled via a control signal CTRL1. In the preferred 
Q embodiment, the control signal CTRL1 is a control voltage. Alternatively, circuit 300 may be 
□ arranged so that the variable shunt elements 301, 302, 303 are controlled via a control current. 

M The type of control signal (voltage or current) is in any event a matter of design choice. 

Iff 

5=! In Fi g- 3, the gates of the transistors Tl, T2, T3 are connected to the control 

15 signal CTRL1 to selectively attenuate the input signal. Control signal CTRL1 may comprise a 
continuously variable voltage control or the circuit 200 may also be controlled as a digital 
attenuator in which the transistors Tl, T2, T3 are selectively controlled in either an ON state 
or an OFF state by the control signal CTRL1. When the transistor T2 is in an ON state, the 
input signal received at the input terminal INPUT is shunted to ground and the input signal is 
20 attenuated. At the same time, transistors Tl and T3 are also controlled via the control signal 
CTRL1 and are designed so that the impedance at the input IN and the output OUT remain 
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within their respective operable ranges for all attenuation levels. This impedance matching is 
accomplished by properly designing the impedances of the transmission lines TL1, TL2 and 
the transistors Tl, T3 so that the resulting impedances at the input terminal and the output 
terminal remain within their respective operable ranges at all attenuation levels. 
5 The inventive circuit topology may be used in attenuator cells that provide more 

or less attenuation than that of the attenuation circuit 300 of Fig. 3. For example, Fig. 4A 
shows an attenuator circuit 400 A providing less attenuation and Fig. 4B shows an attenuator 
U circuit 400B providing more attenuation than the circuit 300. 

■ass? 

□ The attenuation circuits 300, 400 A, and 400B exhibit an Amplitude Modulation 

% (AM)/ AM conversion characteristic that is opposite to the AM/AM conversion characteristic of 

lj power amplifiers. Accordingly, these circuits may be used as a predistorter connected in series 

p with a power amplifier to correct the detrimental AM/AM conversion characteristics of the 

H amplifier. More specifically, the power amplifier typically has a nonlinear characteristic 

*rj referred to as gain compression in which a desired amplitude change of lOdB exhibits itself as 

fy 

15 only a 9dB change at a high input signal. The AM/ AM conversion characteristic of the 
attenuation circuits 300, 400A, and 400B has been found to exhibit a gain expansion 
characteristic in which the gain in dB increases at high input signal levels. By appropriate 
design, the gain expansion characteristic of the attenuation circuit cancels the gain compression 
characteristic of the amplifier. Since the non-linearity of the amplifier may be corrected, a 

20 cheaper amplifier may be used with the attenuation circuit instead of a more expensive linear 
amplifier. Furthermore, the attenuation circuit of the present invention corrects the linearity of 
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the amplifier output, thereby allowing an increase in the maximum linear output power level of 
an amplifier. 

The attenuation circuit 300 of Fig. 3 may be implemented as a portion of a 
larger attenuation circuit such as the three-bit digital attenuator 500 shown in Fig. 5. The 
three-bit digital attenuator 500 includes three attenuation circuits 501, 502, 503 connected in 
series. In the present example, the first circuit 501 is a 20 dB attenuator, the second circuit 
502 is a 10 dB attenuator, and the third circuit 503 is a 5 dB attenuator. Each attenuator 
circuit is selectively turned on and off to achieve composite attenuations by the attenuator 500 
of 0, 5, 10, 15, 20, 25, 30, and 35 dB. For example, if the second and third attenuator 
circuits 502, 503 are in the attenuating state and the first attenuator circuit 501 is in the non- 
attenuating state then an attenuation of 15dB results, and if the first and third attenuating 
circuits 501, 503 are in the attenuating state and the second attenuator circuit 502 is in the non- 
attenuating state then an attenuation of 25dB results. 

The three-bit digital attenuator 500 may also be used as a voltage variable 
attenuator if the control signals CTRL1, CTRL2, and CTRL3 are continuously controlled, 
thereby providing any attenuation value between the minimum and maximum attenuation 
values. In one embodiment, each of the control signals CTRL1, CTRL2, and CTRL3 are tied 
together so that the entire circuit is controlled by one control signal. In another embodiment, 
the attenuator circuits 501, 502, and 503 are controlled sequentially. Using the above 
example, in which the first circuit 501 is a 20 dB attenuator, the second circuit 502 is a 10 dB 
attenuator, and the third circuit 503 is a 5 dB attenuator, the sequential control of the three-bit 
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digital attenuator may be performed as follows: (1) the third circuit 503 is first controlled to 
reach the required attenuation, (2) if the required attenuation is more than 5dB, then the third 
attenuation circuit 503 is controlled to its maximum setting and the second circuit 502 is 
controlled to reach the required attenuation, and (3) if the required attenuation is more than 
15dB, the third and second attenuation circuits are set to maximum attenuation and the first 
circuit is adjusted to meet the required attenuation. Therefore, if lldB attenuation is required, 
the third attenuation circuit 503 is set to 5dB, the second attenuation circuit 502 is set to 6dB, 
and the first attenuation circuit 501 is set to OdB. If 18dB attenuation is required, the third and 

5 S 

■ass? 

O second attenuation circuits 503, 502 are controlled to maximum attenuation of 5dB and lOdB 
JO respectively, and the first circuit is controlled to 3dB. 

SJ The inven *ive circuit may also be used in a switch circuit such as the non- 

□ reflective switch circuit 600 of Fig. 6. The switch circuit 600 includes an input terminal IN 
H and first and second output terminals OUT1 and OUT2. A first switch circuit 601 is connected 
| between the input terminal IN and the first output terminal OUT1 and a second switch circuit 
15 602 is connected between the input terminal and the second output terminal OUT2. The first 
switch circuit 601 includes two transmission lines TL1, TL2 connected between the input 
terminal IN and the first output terminal OUT1 and two variable shunt elements 611, 612 
connected to ground. The first variable shunt element 611 is connected between the two 
transmission lines and the second variable shunt element 612 is connected to the first output 
20 terminal OUT1. The control signal CTRL1 controls the switch 601. The second switch circuit 
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602 is a mirror image of the first switch circuit 601 and includes transmission lines TL3 and 
TL4 and variable shunt elements 613, 614. 

When the switch circuit 600 is intended to switch the RF-signal at the input 
terminal IN to the first output terminal OUT1, the variable shunt elements 611, 612 of the first 
switch circuit 601 are controlled by control signal CTRL1 to a high resistance state and the 
variable shunt element 613, 614 of the second switch circuit 602 are controlled by control 
signal CTRL2 to a low resistance state. In this operating state, the impedance of the variable 
shunt element 613 at the contact node between the transmission lines TL3 and TL4 is close to 
zero. The transmission line TL3 introduces an impedance in parallel with the first switch 
circuit so that the impedance seen from the input terminal IN is within the operable range, i.e., 
at the output impedance of the circuit connected to the input terminal, thereby preventing 
reflective losses. When the signal is to be switched to the second output terminal OUT2, the 
control signals CTRL1 and CTRL2 are controlled to the opposite states. 

The circuit topology of the non-reflective switch circuit 600 may also be used 
for a single pole single throw switch which has only one switch circuit (see Fig. 7A) and a 
single pole triple throw switch which has three switch circuits (see Fig. 7B). The single pole 
single throw circuit includes only the first switch circuit 601 of Fig. 6. The single pole triple 
throw includes both the first and second switch circuits 601, 602 of Fig. 6 and a third switch 
circuit 603 arranged between the input terminal IN and a third output terminal OUT3. The 
third switch circuit 603 includes variable shunt elements 615, 616 and transmission lines TL5 
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and TL6. The variable shunt elements 615, 616 are controlled by a third control signal 
CTRL3. 

The single pole single throw circuit of Fig. 7 A may optionally include a third 
shunt circuit 613 for helping maintain the impedance of the switch circuit within the operable 
5 range. Since the switch circuit 601 in Fig. 7A is not connected in parallel with other circuits, 
the impedance of the transmission lines TL2 may not be adequate for maintaining the 
impedance of the circuit within the operable range. In the switch circuits of Figs. 6 and 7B, 

L-i. there is always one switch circuit that is in the non-attenuating state. This helps maintain the 

O 

Q impedance at the input within the operable range. 

JO Thus, while there have shown and described and pointed out fundamental novel 

J* features of the invention as applied to preferred embodiments thereof, it will be understood that 
p various omissions and substitutions and changes in the form and details of the devices 
U illustrated, and in their operation, may be made by those skilled in the art without departing 
from the spirit of the invention. For example, it is expressly intended that all combinations of 

ru 

15 those elements which perform substantially the same function in substantially the same way to 
achieve the same results are within the scope of the invention. Moreover, it should be 
recognized that structures and/or elements shown and/or described in connection with any 
disclosed form or embodiment of the invention may be incorporated in any other disclosed or 
described or suggested form or embodiment as a general matter of design choice. It is the 

20 intention, therefore, to be limited only as indicated by the scope of the claims appended hereto. 
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